Chronic exposure is often assessed using a single measurement per individual or group. However, daily levels of personal exposure can vary greatly. Chronic exposure classification by a single measurement could be significantly affected by the interpersonal and daily variations of exposures. The purpose of this study is to determine the effect of using a single personal exposure measurement on estimating long-term exposure. This study used measurements of consecutive 14 daily personal exposures to nitrogen dioxide (NO 2 ) and sulfur dioxide (SO 2 ) of 50 individuals in Yeochun, Korea. The daily personal exposures were measured by passive samplers. Personal exposure to NO 2 was associated with gas cooking, and personal exposure to SO 2 was associated with ambient air pollution. Mixed effects models indicated that daily variability was greater than interpersonal variability for both the pollutants. Effectiveness of using single-day personal measurements for long-term population mean exposure was supported by relatively consistent daily population averages, but multiple-day measurements might be warranted for characterizing individual exposures or high-end population exposures such as the 95th percentile. Although classification of high and low exposure groups by 1-day exposure and by 14-day exposure produced similar group totals, 20% of individual NO 2 exposures and 31% of individual SO 2 exposures were misclassified using 1-day exposures. Average values of 1-day exposure and 14-day exposure were significantly different, but the difference decreased by an increase in the number of measurements for the short-term exposure. The findings were similar for both NO 2 and SO 2 , although the two air pollutants have different sources and behaviors.
Introduction
Accurate assessment of personal exposure is important for understanding health effects and controlling hazardous air pollutants. Exposure to air contaminants can be measured directly or indirectly. Personal exposure monitoring is used in directly measuring an individual's exposure to an air pollutant. Indirect measurements involve fixed site monitoring of the concentration of air pollutant in locations where exposures take place. However, direct measurement methods have been preferred over indirect methods to estimate personal exposure to air pollutants accurately.
Direct measurement of personal exposure requires an individual to carry or wear a monitor near their breathing zone. Such monitor must be nonobstructive and lightweight. The development of a small, inexpensive, and reliable passive monitor for nitrogen dioxide (NO 2 ) by Palmes et al. (1976) has made a large-scale general population study on personal exposure measurements possible. In addition, small continuous monitors for carbon monoxide were developed and used in a large population exposure study (Akland et al., 1985) .
Although direct measurement can provide an accurate exposure level, it is not feasible to measure long-term exposure directly because of the excessive resources required to measure for an extended length of time and the burden placed on the participant. Long-term exposure is commonly estimated by measurements taken over a short period of time. The short-term measurement can provide biased estimates of the long-term exposure, as explained theoretically in a study by Buck et al. (1995) . Impact of short-term measurement on estimating long-term exposure has been evaluated for occupational exposure (Francis et al., 1989; Symanski and Rappaport, 1994) and indoor air quality (Luoma and Batterman, 2000) . Sample sizes and averaging times should be carefully chosen for estimating chronic exposure.
Personal exposure of the general public may have greater variation than occupational exposure due to many different microenvironmental concentrations and time activity pat-terns. Since the everyday activity pattern varies among a population, it is a major problem for the exposure assessor and environmental epidemiologist to know exposure duration and frequency. During short periods, such as a day, the time-activity diary is a promising measurement option. However, it is impractical and a burden for participants to record the time-activity diary for a longer period. As a result of limited data, the association between short-term and longterm personal exposures has not been evaluated using real exposure measurement data.
In this study, a database composed of 14 daily personal exposure measurements of NO 2 and sulfur dioxide (SO 2 ) for 50 subjects was used to determine the effect of using a single measurement on estimating long-term exposure. The consecutive multiple daily measurements of each individual's exposure were used to examine the daily and interpersonal variability of exposures and to determine the margin of error for 1-day measurements against multiple-day measurements.
Methods
Personal NO 2 and SO 2 concentrations were measured in Yeochun, Korea. Yeochun is a highly industrialized area located on the southern part of the Korean peninsula. A petroleum chemical industry complex is located near the monitoring site. The daily NO 2 and SO 2 personal exposures were simultaneously measured using 50 subjects for 14 consecutive days in February 1996. Passive samplers were used to measure personal exposures to NO 2 and SO 2 . As one subject wore NO 2 passive samplers for only 3 days, analysis of NO 2 exposure was based on 49 subjects.
The study subjects were conveniently recruited from two areas: 30 lived in industrial area and 20 in residential area. Four subjects did not complete questionnaire. Among 46 subjects with questionnaire data, 28 were female and average age was 53.5 years with 50% of them over 60 years old. Only four subjects were current smokers. Since this population was not randomly selected, the findings from the data may not be generalized without careful consideration.
NO 2 concentrations were measured with a filter badge that absorbed NO 2 on a cellulose fiber filter coated with triethanolamine solution (Yanagisawa and Nishimura, 1982) . The sampler was analyzed spectrophotometrically. Overall, mass transfer coefficient of the sampler was 0.1 cm/s (Lee et al., 1992) . The lower detection limit of the sampler was 3 ppb over the 1-day sampling period.
An ozone passive sampler (Koutrakis et al., 1993 ) was modified to collect SO 2 . The filters were cleaned with the following series of solutions (with ultra-pure water rinses after each reagent): (a) concentrated HNO 3 , (b) chromic acid, and (c) concentrated HCl 10 N NaOH. The filters were dried and stored. The filter was coated with 0.5 ml of a solution of 2% sodium carbonate and 2% glycerol in ultrapure water. The passive sampler was assembled inside a SO 2 -free air hood. The passive samplers were placed inside a plastic bottle and stored in a resealable plastic bag.
The coated filter of the SO 2 passive sampler was analyzed by ion chromatography after exposure in the chambers. Sulfite was oxidized by hydrogen peroxide to sulfate. In a clean air hood, the filter was placed in a vial. Ultra-pure water was added and the vial was sonicated for 15 min. The filter extract was filtered and treated with hydrogen peroxide. The extract was analyzed by ion chromatography. Lower detection limit of the sampler was 1 ppb over the 1-day sampling period.
Statistical analysis was conducted using the R statistical programming language (Ihaka and Gentleman, 1996) to obtain information on the interpersonal and daily variability and to understand how the collected data can be used to express the relationship between short-term and long-term exposures. Mixed effects models for NO 2 and SO 2 were established to determine the extent of interpersonal and daily variability. The mixed effects model used log transformations of the pollutant concentrations (C ijk ), area (a i ), and gender (b j ) as fixed effects, and between-person (g k ) and withinperson (e ijkl ) as random effects:
where g k and e ijkl are assumed to be independent and normally distributed with mean 0 and unknown variances. Within-person variability includes both temporal variability (random daily fluctuations) and any measurement error. Estimates were determined by restricted maximum likelihood. Fixed effects for cooking fuel, heating fuel, and day were also investigated, but were not substantial and therefore were not retained in the final model.
In order to determine the association between daily exposure and 14-day average exposure, the personal NO 2 and SO 2 exposures of the first monitoring day were compared with those of 14-day averages. The average of 14 days for personal NO 2 and SO 2 concentrations was assumed as ''true'' personal exposure. With the same method, 2-day averages of the first and second days, 3-day averages of the first, second, and third days, and so on were compared with the personal average NO 2 and SO 2 exposures for 14-day using paired t-tests. The difference was expressed by plotting the difference between ''true'' exposure and average exposure on the y-axis and sampling period on the x-axis.
To examine the effects of daily variability on categorical exposure classification, the first day exposures and 14-day average exposures were classified into two groups: individuals with high exposure and individuals with low exposure. The cut point exposure levels were 28.2 and 9.2 ppb for NO 2 and SO 2 , respectively, based on median exposures of all daily measurements. A cross-tabulation between first day and 14-day exposures was made for the low and high exposure groups, and a w 2 test was used to determine the relationship between daily exposure and long-term exposure. Misclassification rates were also calculated for the dichotomous oneday exposure categorizations compared to the 14-day exposure categorizations.
Finally, bootstrap analysis (Efron and Tibshirani, 1993 ) was conducted in order to compare n-day and 14-day exposures for n ¼ 1, 2, 3, y, 14. For each value of n, 1000 sets of n days were selected at random with replacement and personal n-day exposures were calculated for every individual in each set. Population means and 95th percentiles were then calculated for each of the 1000 sets, and compared to the 14-day personal exposures calculated from the original data. The bootstrap analysis allows comparison of randomly sampled sets of n days with the full 14 days, rather than just the first day or first few days as in our other comparison.
Results and discussion
Personal exposures to NO 2 and SO 2 were measured for 14 consecutive days. Average daily exposures of 50 subjects to NO 2 and SO 2 are shown in Figure 1 . These average daily exposures were within 27.1 and 38.9 ppb for NO 2 and within 9.1 and 13.6 ppb for SO 2 . The average personal exposures for 14 days had ranges of 13.6-63.3 ppb for NO 2 and 5.7-24.5 ppb for SO 2 .
Most exposure assessments are based on single measurements in time; temporal variation of personal exposure for the general public has been rarely measured. In this study, average daily exposure had a narrower range than average personal exposure over the sampling period, as shown in Figure 1 . This suggests that when personal exposure is measured, it is not critical for estimating long-term exposure in populations. However, differences between weekdays and weekends and across seasons may be important. Since this study was based on only 2 weeks of monitoring, such trends could not be confirmed.
Precision of the SO 2 passive sampler was determined by collocation of 40 pairs. As we did not have previous information on the sampler performance in an international study, 12 pairs of SO 2 passive samplers were deployed outdoors in addition to the 28 pairs of personal exposure sampler used in the study. Precision, standard deviation of the absolute difference between each pair, of the SO 2 passive sampler was 3.5 ppb. Relative precision was 15%. Results of the duplicate SO 2 passive samplers are shown in Figure 2 . Relative precision of personal exposure measurement was 30%. Although the duplicate had relatively larger differences for personal exposure, overall precision was reasonable. We measured precision of NO 2 passive sampler with only five pairs, because the sampler has been extensively evaluated before. Relative precision of the NO 2 measurements was 9%.
Precision of NO 2 passive sampler in this study was similar to other studies (Lee et al., 1995) .
Personal exposures to NO 2 and SO 2 were compared by various factors, including gender, area, cooking fuel, and heating fuel, as shown in Table 1 . Personal exposures to NO 2 and SO 2 were significantly associated with area (Po0.05, ttest). People living in an industrial area have higher NO 2 and SO 2 personal exposures than those living in other residential areas. NO 2 exposure was significantly associated with cooking and heating fuels. The exposure was higher when gas cooking was used. Female subjects had higher exposures to NO 2 and SO 2 , but the gender effect was significant only for SO 2 exposure. No significant difference in exposure among occupation and smoking status was observed. However, there were only four current smokers. Exposure to NO 2 was closely associated with indoor sources, while exposure to SO 2 might be associated with ambient air pollution. Exposure to NO 2 was higher with subjects using gas for cooking and heating. It is suspected that the impact of heating fuel on NO 2 exposure may be misleading, as all subjects with gas cooking used gas for heating. Considering that a gas heater is typically placed outside of the house in this region, the use of gas for cooking may be a more important determinant of NO 2 exposure.
Exposure to SO 2 was significantly higher in industrial areas than in residential areas, while the impact of cooking fuel on SO 2 exposure was not significant. The industrial area is near a petroleum chemical industry complex. SO 2 may be released from this industrial complex. Ambient air pollution may be a significant determinant of SO 2 exposure, as the subjects do not have a significant indoor SO 2 source. Since SO 2 pollution is closely related to particulate pollution, further investigation of particulate exposure in industrial areas may be needed.
Although univariate tests like the t-test are useful for comparing mean exposures by individual factors, multivariable models such as the mixed effects model can help distinguish the effects of multiple factors. The mixed effects models with log-transformed personal exposures showed that area and gender were influential for both NO 2 and SO 2 , as shown in Table 2 , although only gender and NO 2 were significantly associated. The extent of between-person variability and within-person variability was estimated for both the pollutants by the mixed effects model (Table 2) ; in this context, the within-person variability consists of daily exposure fluctuations and can be thought of as the daily variability. For both the pollutants, within-person variability was estimated to be larger than between-person variability, suggesting that single-day measurements may not be very precise for characterizing individual exposures.
These mixed effects models results can be used to estimate reasonable maximum exposures to NO 2 and SO 2 in each area. From the mixed effects model assuming independent daily fluctuations in personal exposure, the standard deviation contributed by daily variability and measurement error to any individual's time-integrated log NO 2 exposure over a period of n days is 0:438= ffiffi ffi n p . When we collect 2-day exposure, the uncertainty from within-person variability is reduced to 0.310 (0:438= ffiffi ffi 2 p ), which is just below the uncertainty from between-person variability. Similarly, Four people are excluded due to missing covariate information.
Interpersonal and daily variability of personal exposures Lee et al. measurement of 3-day log SO 2 exposure can reduce the uncertainty from daily variability to a level below the uncertainty from between-person variability. Although population averages are relatively insensitive to the number of days of exposure measurements, the precision of individual exposure estimates might be dramatically improved by using several measurements per person. In our study, at least 2 or 3 days of measurement per person are needed to reduce the within-person contribution to variance to a level below that of the between-person variance. These calculations assume that there are no systematic exposure fluctuations from dayto-day or serial correlations among days; this may be an overly simplistic model despite the absence of any strong trends in our data. Violations of these assumptions might require a larger number of measurement per person than suggested by our calculations.
Within-person variability in pollutant concentrations has two sources in this study: temporal variability from day-today fluctuations in both ambient pollutant concentrations and exposure-related behaviors; and measurement error associated with the personal sampling devices and their chemical analysis. Although we have not attempted to disaggregate these two sources of variability in our mixed effects model, it is worth noting that the within-person variance in log concentrations equals the sum of the temporal variance and the measurement error variance if the two are independent. The standard deviation of the measurement error for log SO 2 and log NO 2 are approximately 0.265 and 0.09, respectively, based on the duplicate samples described previously. Comparing these measurement error estimates to the within-person variance estimates from the mixed effects model, it appears that measurement error accounts for about 39% of the within-person variance for log SO 2 , but only about 3% of the within-person variance for log NO 2 .
Exposure levels of 14-day and 1-day measurements were categorically classified into low and high exposure groups. A cutoff exposure level of the low and high exposure groups was based on median exposure of all daily measurements. The cross-table of the exposure groups are shown in Table 3 . When a subject was classified into low or high exposure groups by 1-day measurement, the classification by 1-day measurement was maintained for classification of 14-day average exposure. This is critical information for epidemiological studies, as they often require classification into exposure groups rather estimation of exposures. It should be noted that 1-day measurements provided a better way to classify chronic exposure than by any determinants identified from questionnaire. It is shown by the fact that fixed effects of any determinants were not substantial in mixed effects model.
The findings showed the accuracy of categorical classification of exposure for longer exposure. It should be used with caution due to several limitations of this analysis. We used 14-day average exposure as ''true'' exposure. As the personal exposures have significant temporal variation, adoption of the 14-day average as ''true'' value may have inherent error. Although passive samplers can provide personal exposure, the measurement by passive samplers has measurement error. The measurement error can affect the accuracy of the classification. We used median exposure of all daily measurements for the categorical classification, because the median of daily exposure varied over the sampling period. The classification error can be affected by the classification criteria. The effects of different classification criteria on classification error were demonstrated using residential NO 2 levels (Lambert et al., 1992) . The outcome of categorical classification was also significant (Po0.01) when medians of 14-day average exposure were used for the classification.
When we compared 14-day average exposure with limited day exposure using the first n days, the difference in mean exposures was significant for short-term exposure and the difference significantly decreased as the exposure time increased. The relative difference between short-term exposure and 14-day exposure is shown in Figure 3 . Difference of daily exposure and 14-day exposure was statistically significant for NO 2 and SO 2 (paired t-test, Po0.01). Difference of exposures was significant until 7-day exposures were included for SO 2 and 4-day exposures were included for NO 2 (Po0.05).
However, the first day happened to have unusually high NO 2 exposures and unusually low SO 2 exposures. Using the bootstrap analysis to select random samples of n days for NO 2 repeatedly, it appears that population mean exposure estimates for any number of days are essentially unbiased compared to the 14-day mean (Figure 4) . However, 1-day population mean estimates are relatively imprecise, as demonstrated in Figure 3 and in general by the large variance over the 1000 bootstrap samples displayed in Figure 4 . As one would expect, the relative error in the mean population estimate decreases as the number of days increases.
Bootstrap analysis was also used to compare the 95th percentile population exposure for the n-day and 14-day samples ( Figure 5) . Unlike the population mean, the 95th percentile of NO 2 exposure appears to be substantially overestimated by short-term samples. Although the bias decreases with longer samples, there is still substantial bias at 14 sampling days. The observed bias in high-end population estimates based on short-term monitoring is predicted by theory, but is rarely examined empirically (Buck et al., 1995) . The variance of the 95th percentile estimate also decreases with an increased number of sampling days. The paired t-test suggests that short-term exposure may be significantly different from long-term exposure. However, the differences of 1-day population mean exposure and 14-day population mean exposure were only 16% for SO 2 and 20% for NO 2 . Differences were less than 10% when two or more exposure levels were compared with 14-day average level. Furthermore, these t-tests represent the worst case example in our data set, with extreme exposures for both NO 2 and SO 2 on day 1. If the days are randomly selected, as in the bootstrap analysis, on average we expect the population mean exposure estimates to be equivalent for short-term and long-term samples. However, high-end exposures and individual exposures may not be adequately estimated by 1-day measurements. High-end exposures in particular should be estimated using statistical models such as our mixed effect models or the nonparametric adjusted estimator suggested by Buck et al. (1995) .
Although the pollutants may have different sources and behaviors, patterns of differences were similar for NO 2 and SO 2 . Significant resources are needed for multiple exposure measurements, but researchers must weigh those costs against potential errors in long-term exposure estimation by the use of short-term measurements. Figure 5 . Relative error estimates for population 95th percentile NO 2 exposure by number of days sampled, compared to population 95th percentile NO 2 exposure for all 14 days. In all, 1000 bootstrap samples were used for each sampling period.
